Heavy metal pollution in natural water environments worldwide is an urgent problem because of the severe threat it poses to human health and the environment. This concern has led to strict regulations on the maximum metal concentrations allowed in natural waters[@b1]. Traditional quantitative methods, such as atomic absorption/emission spectroscopy[@b2], inductively coupled plasma mass spectrometry[@b3], and cold vapor atomic fluorescence spectrometry (CVAFS)[@b4][@b5], have been extensively applied to detect heavy metal ions with high sensitivity. In addition to the expensive and sophisticated instrumentation required, these techniques normally involve complicated chemical processes for extracting metal ions from the as-sampled water, in which the speciation change of metal ions is unavoidable[@b5][@b6][@b7]. Several studies have reported that the uptake of heavy metals by organisms does not depend entirely on the total metal concentration in solution. Better correlations have been found between metal uptake and free metal ion concentration or labile metal concentration[@b8][@b9]. Save for some exceptions, free metal ion concentration, in most cases, ultimately determines the bioavailability and toxicity of heavy metals[@b10][@b11]. However, large-scale determination of heavy metals can be costly, time consuming, and labor intensive. To protect the environment and human health, as well as to provide rapid and inexpensive characterization and remediation of these sites, a portable, low-cost, and fast heavy metal analysis system for initial on-site/*in-situ* screening of heavy metal-contaminated sites should be prioritized.

Recently, much effort has been focused on the design of DNA-based sensors to detect metal ions based on the ability of some metal ions that selectively bind to some bases to form stable metal-mediated DNA duplexes[@b12][@b13]. For example, mercury ions (Hg^2+^) are capable of selectively coordinating thymine (T) bases to form stable T-Hg^2+^-T complexes[@b14], and Ag^+^ interacts specifically with cytosine-cytosine (C-C) mismatches[@b15]. For Pb^2+^ detection, most sensors are based on the Pb^2+^-dependent DNAzyme and the Pb^2+^-stabilized G-quadruplex[@b16][@b17]. Accordingly, various detection techniques adopting fluorescence, surface-enhanced Raman spectroscopy, resonance scattering, colorimetry, and electrochemical methods were applied to selectively detect these heavy metal ions based on structure-switching DNA[@b12][@b13][@b14][@b15][@b16][@b17]. Structure-switching DNA biosensors have several unique characteristics[@b18]. First, structure switching is induced by the formation of many weak non-covalent bonds, which is generally specific to a given ligand-biomolecule interface and mostly insensitive to other molecules even in complex environments (e.g., natural water, living cells, or blood serum). Second, given that the switching (signal transduction) is rapid, reversible, and reagent-free, these nanoscale switches are suited for rapid, real-time, and in situ monitoring of specific targets. Finally, the conformational equilibria of structure-switching DNA are related to both its concentration and thermodynamics, which renders structure-switching DNA biosensors quantitative and their dynamic ranges rationally optimized without altering their binding specificity. To date, numerous biosensors for the detection of heavy metal ion detection based on DNA structure switching have been reported. However, most of these detections were performed based on the homogeneous reaction principle and sophisticated instrumentations are required, which made them unsuitable for rapid on-site/*in-situ* detection of heavy metal ions[@b12][@b13][@b14][@b15][@b16][@b17][@b18].

Evanescent wave fiber optic biosensors have been conveniently and effectively used to determine various trace amounts of targets based on the principle of total internal reflection fluorescence (TIRF)[@b19]. These biosensors possess several promising advantages, such as small size, good flexibility, multiplexing capability, low propagation loss, and resistance to electromagnetic interference. When light propagates through a fiber optic on the basis of TIR, a very thin electromagnetic field (known as the "evanescent wave") is generated. This field decays exponentially with distance from the interface, with a typical penetration depth of a few nanometers to several hundred nanometers. This evanescent wave can excite fluorescence that approach the sensing surface, such as those used for fluorescence labeling of molecules (e.g., DNA or antibody) as they bind to the optical sensor surface. The limited range of the evanescent wave allows the distinction between bound and unbound fluorescent complexes. Thus, real-time detection of the surface reaction of fiber optic followed by on-site/*in situ* measurement collection is possible.

Combined with the advantages of an evanescent wave optical biosensor and structure-switching DNA, an evanescent wave all-fiber biosensor system that is suitable for rapid on-site/*in-situ* detection of heavy metal ions is proposed in this study. Hg^2+^, a highly toxic and ubiquitous pollutant that affects human and ecosystem health, was selected as model target. Given the bioaccumulative property of Hg^2+^, long-term exposures to even minute amounts of this metal can result in a number of severe health problems, such as brain damage, kidney failure, chromosome breakage, and severe neurological disorders. The World Health Organization suggests 30 nM of inorganic mercury as the guideline tolerable value for mercury in drinking water, whereas the United States Environmental Protection Agency (USEPA) guideline value is 10 nM[@b20]. In our newly developed heavy metal-sensing system, a short DNA probe that is complementary to the fluorescence-labeled complementary DNA (cDNA) sequence containing a T-T mismatch structure was first immobilized onto fiber optical sensing surface. To selectively detect Hg^2+^, fluorescence-labeled cDNA was introduced to bind with the immobilized DNA probes onto the sensor surface. The prepared fiber optic biosensor was introduced into the Hg^2+^ solution. Some of the fluorescence-labeled DNAs bind with Hg^2+^ to form T-Hg^2+^-T complexes through the folding of themselves into a hairpin structure and dehybridization from the fiber optic probe, which leads to a decrease in fluorescence signal. Higher Hg^2+^ concentration causes more fluorescence-labeled cDNAs to dehybridize from the sensor surface, thus resulting in the detection of lower fluorescence signals. The binding kinetics of Hg^2+^ and fluorescence-labeled DNAs containing a T-T mismatch structure, as well as the sensitivity and selectivity of this biosensor based on structure-switching DNA, were also evaluated. To our best knowledge, this is the first optical biosensor for rapid on-site/*in-situ* detection of heavy metal ions based on structure-switching DNA.

Results
=======

Sensing mechanism for heavy metal ion detection based on structure-switching DNA
--------------------------------------------------------------------------------

The heavy metal sensing mechanism in the evanescent wave optical biosensing platform ([Figure 1](#f1){ref-type="fig"}) through the "turn off" model based on structure-switching DNA is depicted in [Figure 2](#f2){ref-type="fig"}. The fluorescence-labeled T-rich cDNA initially contained a short sequence structure of 10 bps (shown in green and red in [Figure 2](#f2){ref-type="fig"}) at the 5′ end of the cDNA. This structure is complementary and therefore, hybridize with the DNA probe (shown in blue in [Figure 2](#f2){ref-type="fig"}) that is immobilized onto the fiber optic sensor surface. Then, Hg^2+^ was then introduced into the sensor surface. The cDNA probe also contained a structure of T-T mismatch pairs, which can bind with Hg^2+^ to form the T-Hg^2+^-T complex by the folding of the cDNA probe segments (shown in green in [Figure 2](#f2){ref-type="fig"}) into a hairpin-like geometry. This structure triggers the release of the fluorescence-labeled cDNA, resulting in a decreasd fluorescence signal. The higher the concentration of Hg^2+^, the more cDNA is released, thereby resulting in lower fluorescence signal. Finally, the excess fluorescence-labeled cDNA can be removed completely by adding regeneration solution (0.5% SDS, pH 1.9), and the fiber optic sensor can be reused for subsequent test.

[Figures 3A and 3B](#f3){ref-type="fig"} show the exemplary fluorescence signal profile developed during a typical test cycle for Hg^2+^ detection using the optical sensor scheme, which include the following processes: introduction of the fluorescence-labeled cDNA and binding of cDNA and DNA probe immobilized onto the sensor surface ([Figure 3](#f3){ref-type="fig"}, phase I); introduction of Hg^2+^ and reaction between cDNA and Hg^2+^ ([Figure 3](#f3){ref-type="fig"}, phase II); and sensor regeneration ([Figure 3](#f3){ref-type="fig"}, phase III). First, 0.3 mL of 20 nM fluorescence-labeled cDNA was introduced onto the fiber optic sensor surface. As shown in phase I in [Figure 3B](#f3){ref-type="fig"}, the fluorescence signal exponentially increased over time and eventually reached a plateau after 2 min. Real-time monitoring of the fluorescence signal reflected the kinetic rates of the binding reaction that occurred between the Cy5.5-cDNA and the immobilized DNA probe. Meanwhile, the photobleaching rate of the bound fluorophores is negligible even when the laser is turned on throughout the entire test cycle ([Figure 3](#f3){ref-type="fig"}, phase I).

We conducted a control experiment to evaluate the results of the DNA probe immobilization and to confirm that the observed fluorescence signal was produced by the specific DNA hybridization between cDNA with the complementary sequence of the DNA probe on the sensor. The results of the control experiment are shown in [Figure 3](#f3){ref-type="fig"}. No detectable fluorescence intensity was observed when the fluorescence-labeled non-complementary DNA (30 nM) \[5′-Cy5.5-ATGCTCCCGAGA-3′\] (Takara Biotechnology (Dalian) Co., China) was delivered over the sensing surface, indicating that no non-specific DNA adsorption or hybridization occurred on the sensor surface. Furthermore, the free Cy5.5-cDNA in the bulk solution was less excited by the evanescent wave, and the contribution of its fluorescence signal was negligible. This result contributed to the decay length of the evanescent field on the sensor surface in the nanometer scale. Light intensity was only concentrated on the molecules that covered the sensor surface, and the unwanted signal from the bulk water can be excluded. When 20 nM cDNA was introduced, a signal to noise (S/N) ratio (the ratio of the maximum fluorescent signal to the base line) of more than 5 was obtained ([Figure 3](#f3){ref-type="fig"}). These results demonstrated the high sensitivity of the sensor for detecting specific DNA hybridization, and the rapid completion of the hybridization process.

In the absence or presence of Hg^2+^, 0.3 mL of samples was delivered onto the sensor surface ([Figures 3B and 3C](#f3){ref-type="fig"}, phase II). In the absence of Hg^2+^, only a little cDNA dehybridized from the sensor surface, and the fluorescence signal slightly decreased. When Hg^2+^ concentration increased, more cDNA dehybridized from the sensor surface, therefore resulting in lower fluorescence signals. The fluorescence signal exponentially decreased over time and eventually reached a plateau after 2 min. Thus, considering the required signal intensity level and the aim to shorten the assay time, a reaction time of 2 min was chosen. For each assay, the net fluorescence intensity (*I*) used for the subsequent determination of dose-response relationships was calculated according to [Equation 1](#m1){ref-type="disp-formula"}:

The response was normalized according to the following equation: where *I*~b~ is the net fluorescent intensity at the peak value by subtracting the baseline value.

Finally, the sensing surface was regenerated with 0.5% SDS solution (pH 1.9) for 90 s and was washed with PBS solution (Phase III in [Figure 3B and 3C](#f3){ref-type="fig"}) to reuse the sensor. Complete cDNA removal from the sensor surface was achieved. To test the next sample, cDNA was introduced again onto the sensor surface. The fluorescence signal trace was nearly the same as the preceding one, indicating that the immobilized recognition element has good regeneration performance. The immobilized recognition element could actually sustain at least 50 successive assays without any significant decrease in performance (less than 5% decrease).

Optimization of fluorescence-labeled DNA concentration
------------------------------------------------------

After the sensing mechanism was established, DNA probe concentration was optimized to improve assay sensitivity. To determine the optimum experimental condition, a sensitivity index (F/F~0~), the ratio between the net fluorescence intensity obtained in the presence of the analyte (F = *I*~b~ − *I*~s~) and that in the absence of the analyte (F~0~ = *I*~b~ − *I*~0~), was introduced. In this study, the sensitivity index was calculated from the fluorescence intensity with 5 nM Hg^2+^ (F) and in the absence of target metal ions (F~0~). For the practical application of the sensor in the desired dynamic range, the most acceptable cDNA probe concentration was chosen according to the following criteria: (1) the S/N ratio should be as high as possible and preferably larger than 5 to generate a reasonable fluorescence intensity, and (2) the sensitivity index should be as low as possible and favorably below 0.90. Based on these criteria, several experiments were conducted ([Figure 4](#f4){ref-type="fig"}), and the optimum concentration of fluorescence-labeled cDNA probe was found to be 20 nM. Lower concentrations of fluorescence-labeled cDNA probe results in effective analyte competition in structure-switching bioassay, which leads to better sensitivity.

Dose-response curves of Hg^2+^
------------------------------

After the general assay parameters were optimized, Hg^2+^ standard solutions in the range of 0 nM to 1000 nM were analyzed to verify the DNA structure-switching based bioassay. [Figure 5A](#f5){ref-type="fig"} shows the temporal fluorescence signal during a typical test cycle for Hg^2+^ detection using the all-fiber optical biosensing platform, including the introduction and hybridization of the fluorescence-labeled cDNA, the introduction and reaction of sample containing different Hg^2+^ concentrations, and the washing step. [Figure 5A](#f5){ref-type="fig"} also shows the decrease in the kinetics of the fluorescence with the introduction of Hg^2+^ to the sensing interface, and the proportional decrease in the fluorescence signal was induced by the increase in Hg^2+^ concentration.

[Figure 5B](#f5){ref-type="fig"} shows the calibration curves (the average of three independent curves) for Hg^2+^, which were normalized by expressing the signal of each standard point as the ratio of that of the blank sample containing no Hg^2+^. The signal intensities were fitted to the four-parameter logistic equation[@b21]. The error bars in the figure correspond to the standard deviation of the data points in triplicate experiments, with the standard deviation of all the data points within 7.8%. With the dose-response curve and the S/N ratio of 5.1, the detection limit was determined as approximately 1.2 nM based on the average standard deviation of the measurements (σ) and the slope of the dose-response fitting curve (S) as 3σ/S[@b22]. Therefore, this novel sensor can be applied to the direct detection of Hg^2+^ in natural water with the ability to meet even the most stringent requirements demanded by the USEPA (10 nM). In our experiment, the detection limit is initially comparable with that of other sensing assay methods, such as the "turn-on" fluorescence sensor (3.2 nM)[@b23], ratiometric sensor (50 nM)[@b24], electrochemical sensor based on gold nanoparticle (Au NP) amplification (0.5 nM)[@b25], and Au NP-enhanced SPR sensor (5 nM)[@b26]. Recently, a plasmon-enhanced infrared spectroscopy was shown to exhibit a very low detection limit of 37 ppt[@b27]. To the best of our knowledge, this is the first report of such a high sensitivity for the detection of Hg^2+^ using an evanescent wave optical biosensor. The high sensitivity of this biosensor is possibly due to the surface chemistry of the aminated DNA on the probe surface that maintained the activity of the immobilized DNA probe toward Hg^2+^ and cDNA and diminished non-specific adsorption. Compared with abovementioned sensors, this portable optical biosensor based on structure-switching DNA detection mode is much simpler and time-saving (operation time was only 10 min, including measurement and regeneration). Furthermore, in the present system, the sensor probe can be regenerated without comprising bioreactivity for multiple analyses and can easily be extended for the determination of other heavy metal ions or small molecular analytes for which specific sensing probes are available.

Selectivity of the sensing system
---------------------------------

To assess the selectivity of the sensor, its responses to potential interference from other metal cations, such as Mn^2+^, Mg^2+^, Ca^2+^, Co^2+^, Zn^2+^, Fe^2+^, Cu^2+^, Sn^2+^, Cr^2+^, Ni^2+^, and Pb^2+^, at concentrations up to 20 μM were evaluated. As indicated in [Figure 6](#f6){ref-type="fig"}, the sensor exhibits high selectivity toward Hg^2+^ with no significant response to the other divalent metal ions. Moreover, Hg^2+^ and other metal ions were combined to form a metal ion soup as a sample for the anti-jamming capability testing of the sensor. The fluorescence signal was obviously lower than that of other samples without Hg^2+^. These results clearly indicated that the approach is not only insensitive to other metal ions but also selective toward Hg^2+^ in their presence. As noted above, the present sensor had excellent anti-jamming capability and outstanding selectivity. This selectivity must be due to its selective binding of T-T mismatches, resulting in the formation of stable T-Hg^2+^-T complexes.

On-site and *in-situ* measurement of Hg^2+^
-------------------------------------------

To further evaluate the on-site and *in-situ* detection ability of our developed system, one microcosm was constructed as described in the methods section, and the results are shown in [Figure 7](#f7){ref-type="fig"}. Results show that although the initial Hg^2+^ concentration was about 500 nM, the adsorption process of sludge for Hg^2+^ was very quick[@b28], and the concentration of the first sample was only 350 and 320 nM by CVAFS and biosensor, respectively. Then, the Hg^2+^ concentration rapidly decreased with time. The adsorption reaction between Hg(II) and the sludge surface sites can be expressed as We assume that the resulting time dependent surface adsorption Θ follows the Langmuir equation and can be described by where *k*~on~ is the adsorption rate constant, *k*~off~ is the desorption rate constant, and *C* is the concentration of Hg(II) adsorbed by the sludge at time *t*. At the onset of adsorption, the adsorption rate is at the maximum, and the desorption rate and Θ are zero. In [Figure 7A](#f7){ref-type="fig"}, the fitting began with an estimation of the parameter values, which were continually optimized until the residual sum of squares no longer decreased significantly. The experimental data and the modeled curve ([Figure 7A](#f7){ref-type="fig"}, red line) derived from pseudo-second order equation was in good agreement.

A comparison between the methods yielded good correlation results (y = 0.9623X − 14.0111), with the slope (0.9623) of the linear regression equation indicating that with respect to the CVAFS measured values, the biosensor results were somewhat underestimated. Nevertheless, the correlation coefficient (r^2^ = 0.9966) demonstrated satisfactory agreement between the methods, and the *in-situ* detection value had no obvious difference with the on-site detection result. These results imply that this proposed biosensor method could be used for the portable on-site/*in-situ* determination of heavy metal ions in the field of environmental monitoring. This is especially important when optical biosensor techniques are intended to provide bioavailability information such that the measurement of the heavy metal contamination levels can be obtained without any sample modification caused by changes in pressure, temperature, or sample contamination.

Discussion
==========

This is first experiment that presented a structure-switching DNA based biosensor for rapid on-site/*in situ* detection of heavy metal ions. The primary advantages of this structure-switching DNA-based biosensor include sensitivity, speed, portability, and minimum sample manipulation. We have shown that field-based biosensor analyses can be accomplished with good correlation to laboratory-based conventional analytical methods. This initial proof-of-concept study has clearly shown that on-site/*in situ* measurements obtained with such a structure-switching DNA-based sensor can be used to provide rapid on-site/*in situ* information on these heavy metals in natural water. Although we have only demonstrated the Hg^2+^ detection, this sensing strategy can be extended, in principle, to any substance, such as other metal ions or small molecules, by substituting the T-Hg^2+^-T complexes with other specificity structures that selectively bind other analytes. Coupled with the remote-detection ability of fiber optic sensors, this sensing strategy may be an alternative method for the analysis and assessment of the transport and fate of heavy metal ions or other small molecules in environmental samples.

Methods
=======

Instrumentation: evanescent wave all-fiber biosensing platform
--------------------------------------------------------------

An all-fiber biosensing platform for the detection of the fluorescence signal is shown in [Figure 1](#f1){ref-type="fig"}. In this system, the 635 nm 15 mW pulse diode laser (HuayuanStar Ltd., China) with pigtail was selected as the excitation light resource because of its monochromaticity, stability, and compactness. Instead of using various optical separation components (e.g., lens and dichroic mirror), a single-multi mode fiber optic coupler was utilized to transmit the excitation light and to collect and transmit fluorescence. The laser beam from the diode laser was directly launched into the single-mode fiber of the single multi-mode silica fiber optic coupler. Laser light then entered the multi-mode fiber with a diameter of 600 μm and numerical aperture of 0.22 from the single-mode fiber. Meanwhile, this multi-mode fiber was used to collect the fluorescence excited by the laser. The excitation light from the laser, through the fiber connector, was then coupled to a combination tapered fiber optic sensor, the fabrication and preparation of which was described previously[@b29]. The incident light was propagated along the entire length of the fiber optic sensor via TIR. The evanescent wave was generated at the surface of the probe and then interacted with the surface-bound fluorescent-labeled analyte complexes, which excited the fluorophores. A bandpass filter was placed before the photodiodes to ensure that only the fluorescence signal without any residual pump signal was measured. The collected fluorescence was subsequently monitored by photodiodes through lock-in detection. By reducing optical components and unnecessary optical alignment, the biosensor platform can be suitable for on-site and *in-situ* detection at field sites. Furthermore, light transmission efficiency increased, light loss decreased, and S/N ratio improved.

During on-site detection, the fiber optic sensor was embedded in a flow glass cell with a flow channel having a nominal dimension of 60 mm in length and 2 mm in diameter ([Figure 1B](#f1){ref-type="fig"}). All reagents were delivered by a flow delivery system operated using a peristaltic pump. The fluid delivery system control and data acquisition and processing were automatically performed by the embedded computer. During in-situ detection, the fiber optic sensor prepared was directly immersed into the sample.

Preparation of structure-switching DNA biosensor
------------------------------------------------

Details on the modification of the combination tapered fiber optic sensor were described previously[@b29]. Briefly, DNA probes were immobilized onto the fiber optic sensor surface procedures that follow. First, the optical fiber sensor was cleaned with the piranha solution (H~2~SO~4~/H~2~O~2~, 3:1 \[v/v\]). Second, the sensor was aminated by immersion in 2% (v/v) ATPS acetone solution for 60 min, followed by acetone wash (three times) and ultrapure water wash, and dried in an oven for 30 min at 110°C. To immobilize the DNA probe \[5′-NH~2~-(CH~2~)~6~-GTACAAACAA-3′\] (Takara Biotechnology (Dalian) Co., China) onto the aminated sensor surface, the glutaraldehyde-covalent-coupling strategy was applied. The sensor is immersed in a 5.0% (v/v) glutaraldehyde solution for 1 h at 37°C, washed with water, and then immersed overnight in 1 mL of a 0.5 μM DNA probe in PBS solution (pH 7.4) at 4°C. The resultant sensor surface was quenched by dipping in 2 mg/mL ethanolamine for 1 h to block the remaining aldehyde sites. The fluorescence labeled cDNA sequence containing T-T mismatch structure \[5′-Cy5.5-CTTTCTTCCCCGTTGTTTGTAC-3′\] was introduced into the fiber optic sensor for hybridization, which was used for the Hg^2+^ detection.

On-site and *in situ* detection of real water samples
-----------------------------------------------------

To evaluate the on-site and *in situ* detecting ability of our biosensor, one microcosm was prepared in 250 mL serum bottles using 2.4 g of sludge (from Lake Beihai\'s sediments of Beijing, China) and 200 mL pure water. The sludge and water were mixed and deposited for 2 h. Afterward, 2 mL 50 mM Hg^2+^ was added to the microcosms. In the first two hours, 1 mL supernatant solution was taken for the biosensor on-site detection, and CVAFS detection according to USEPA Method 245.7 was performed every 30 mins[@b30]. At the third hour, the developed fiber optic sensor was directly immersed into the supernatant solution to detect the Hg^2+^ concentration in real water samples *in situ*. Simultaneously, CVAFS detection of the supernatant solution was performed.
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![(A) Schematic of evanescent wave all-fiber optical biosensing platform. (B) Photograph of the biosensing platform for the on-site/*in situ* detection of heavy metal ions. (Photo by Feng Long).](srep02308-f1){#f1}

![Schematic of structure-competitive sensing mechanism of Hg^2+^ detection.](srep02308-f2){#f2}

![Exemplary signal profiles for Hg^2+^ detection with the structure-switching DNA-based optical biosensor.\
(A) Experiment with 30 nM fluorescence-labeled non-specific DNA sequence as control. (B) Experiment with 20 nM fluorescence-labeled cDNA that specifically binds to DNA probe immobilized onto the sensor surface and with 1 × PBS introduced. (C) Experiment with the mixture of 20 nM fluorescence-labeled cDNA that specifically binds to DNA probe immobilized onto the sensor surface and 20 nM Hg^2+^ introduced.](srep02308-f3){#f3}

![S/N ratio (magenta) and sensitivity index (blue) change in relation to the concentration of cDNA.](srep02308-f4){#f4}

![(A) Exemplary sensor response curves and the signals obtained with various concentration of Hg^2+^. (B) Logarithmic calibration plot for determination of Hg^2+^ using structure-switching DNA based optical biosensor system.](srep02308-f5){#f5}

![Selectivity of the structure-switching DNA-based Hg^2+^ biosensor.](srep02308-f6){#f6}

![(A) On-site/*in situ* detection of Hg^2+^ in the microcosm by optical biosensor and validation by CVAFS. (B) Linear correlation between the optical biosensor and CVAFS.](srep02308-f7){#f7}
